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ABSTRACT
The strong optical emission of the Crab pulsar allows us to study the polarization properties in detail.
Optical pulsed emission can best be understood as synchrotron radiation of relativistic electron-positron
pairs in the outer magnetosphere. We calculate the polarization properties of the optical pulses based on
the outer gap model, which has explained much of the observed properties of this pulsar. We Ðnd that
the calculated polarization proÐles exhibit the same qualitative behaviors as the observations for a large
range in parameter space. It seems that the optical polarizations do not constrain strongly on the Crab
pulsarÏs emission geometry.
Subject headings : polarization È pulsars : individual (Crab Nebula) È
radiation mechanisms : nonthermal
1. INTRODUCTION
Observed radio pulses of radio pulsars are, in general,
highly polarized. According to the model proposed by
& Cooke hereafter the smoothRadhakrishnan (1969, RC),
variation of the linear polarization position angle through
the pulse reÑects a swing in the direction of the projected
magnetic Ðeld, where the radiation originates, in the plane
normal to the observer. Coherent curvature radiation is
generally believed to be the mechanisms of the radio emis-
sion of a pulsar & Sutherland In these(Ruderman 1975).
models, radio waves are emitted along the direction of the
magnetic Ðeld line and are polarized either parallel or per-
pendicular to the plane of the curvature of the magnetic
Ðeld. This simple model Ðts the observed data of many
pulsars very well. Many geometric parameters of pulsars,
such as the inclination angle (a) between the rotation and
the magnetic axes, and the viewing angle (f) between the
rotation axis and the line of sight, are inferred from the RC
model.
Although the optical pulses have been detected from
several very young pulsars (the Crab, Vela, and PSR
0540[69), only the Crab pulsar has sufficient intensity for
detailed polarization measurements. The sweeping of the
polarization angle in the Crab pulsarÏs optical pulse (Fig. 1)
is similar to that of radio pulses of many longer period
pulsars. It is therefore tempting to model the polarization
properties of the Crab optical emission in the context of the
model. However, di†erences between the optical emis-RC
sion of the Crab pulsar and the radio emission of other
long-period pulsars are numerous and signiÐcant. The
pulsed optical emission of the Crab pulsar appears to be
closely associated with broadband high-energy emission of
up to GeV, based on the continuity in energy spectra and
the similarity of pulse proÐles. Contrary to coherent curva-
ture radiation for radio emission, the Crab pulsarÏs optical
pulses are most likely to be the incoherent synchrotron
radiaton of electron-positron pairs in the magnetosphere
near the light cylinder & Ruderman The inten-(Chen 1993).
sity of the synchrotron radiation is conÐned to a small cone
around the local magnetic Ðeld. The radiated photons are
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highly polarized, and the polarization angle depends on the
original position of the photon in the emission cone, instead
of on the direction of the local magnetic Ðeld.
In this paper, we calculate the optical pulse polarization
based on the outer gap model (Cheng, Ho, & Ruderman
hereafter and respectively ;1986a, 1986b, CHRa CHRb, Ho
for the Crab pulsar. This model has successfully1989)
explained many observations, such as the broadband emis-
sion and coincident double-peaked light curve in many
wavebands (from optical to GeV) of the Crab pulsar in
previous studies The calculated energy(CHRa, CHRb).
spectrum and the pulse-subpulse feature from the outer gap
model are in agreement with the observations. However, the
emission from synchrotron radiation cannot extend up to
GeV. The GeV photons must be produced by other mecha-
nism such as curvature radiation and inverse Compton
scattering. Naturally, a spectral dip is expected (CHRb; Ho
A dip around 4 MeV may have been detected by the1989).
COMPTEL et al. Based on these successes,(Much 1995).
we extend our calculation to optical polarization, with
special attention to explaining the observations shown in
Figure 1.
2. MODEL CALCULATION
2.1. Single-Particle Radiation Pattern
First we outline the properties of the synchrotron radi-
ation of a single particle with a Lorentz factor c. The c can
be broken into two parts : wherec\ c
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FIG. 1.ÈObserved polarization properties of the main pulse and interpulse of the Crab pulsar (from Manchester & Taylor 1977)
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and and are modiÐed Bessel functions of andK2@3 K1@3 23 13order, respectively. Here is the emission power, with theP
Mpolarization in the direction normal to both the photon
propagation and the local magnetic Ðeld, and is pol-P
Aarized in the plane deÐned by the photon propagation and
the magnetic Ðeld. The quantity t is the pitch angle with
respect to the local magnetic Ðeld, u is the angular fre-
quency of the emitted photon, and d) is the solid angle
covered by the emitting beam. The emitted power of a rela-
tivistic particle is mainly conÐned to a small cone with a
pitch angle tD 1/c
A
(Fig. 2).
2.2. Single-L ocus Emission : Pencil Beams
In the outer gap model, regions, devoid of charges are
formed in the outer magnetosphere and serve as powerful
energy sources for electron-positron pairs and photon pro-
duction. For young pulsars like the Crab, electrons/
positrons are accelerated to high energy inside the gap and
radiate multi-GeV c-rays through curvature radiation.
These primary c-rays collide with intense X-rays, producing
the additional pairs. The majority of the pairs (the
secondary) are produced at a distance in a Ðeld-free zone,
away from the origin of their progenitor c-rays. The propa-
gation e†ect imparts the secondary pairs with signiÐcant
momentum perpendicular to the local magnetic Ðeld. Syn-
chrotron radiation from these secondary pairs produces the
pulsed emission continuously from optical to about few
MeV. A second process, inverse Compton scattering of
energetic pairs with low-energy photons, produces the emis-
sion above several MeV.
FIG. 2.ÈGeometry of the synchrotron radiation and its polarizations :
the direction of is deÐned as being in the plane of the magnetic Ðeld.e
A
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In the current outer gap model for pulsars like the Crab
no spatial dependence is explicitly treated for the(Ho 1989),
particle distribution, other than the e†ect of propagation
geometry leading to the particleÏs momentum distribution.
A key intermediate product of the calculation is the steady
state distribution of the secondary electrons in the momen-
tum space. It is calculated through an iteration scheme (Ho
Convolving the steady state distribution with avail-1989).
able radiation channels yields the radiation spectra. In this
work, we take one representative steady state distribution
from the existing outer gap model as input and calculate the
resultant polarization from the distribution. The input par-
ticle distribution is shown in See forFigure 3. Ho (1989)
details of the calculation leading to the distribution function
F(c
M
, c
A
),
For a given magnetic Ðeld line, the emission from par-
ticles with at a given direction and a given energyF(c
M
, c
A
)
(we call it pencil beam emission) is
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where d) is the solid agle and l is the frequency of the
observed photon. The emitted power and degree of the
linear polarization of the pencil beam are
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For the pencil beam, P and d for 1 eV photons are shown in
with the magnetic Ðeld strength taken to be at theFigure 4,
light cylinder of the Crab pulsar (D106 G). Note that a
FIG. 3.ÈThe distribution of a Lorentz factor of injecting particles. This
was calculated from the outer gap model in a previous study (Ho 1989).
typical optical photon is emitted in a cone with a modest
pitch angle (D3¡) and is highly polarized (D70%).
2.3. Emission from Extensive Region : Far Beams
In the outer gap emission geometry, the particles con-
tinue to emit radiation as they coast along the Ðeld line. The
radiation detected by an observer viewing from a particular
line of sight (LOS) originates not only from the segment of
Ðeld line perfectly tangential to the LOS but also from those
segments of the same Ðeld line that point with a small angle
of the LOS. Furthermore, adjacent Ðeld lines will also con-
tribute to the observed radiation. Thus, a geometric model
FIG. 4.ÈEmission of the ““ pencil beam ÏÏ for 1 eV photons with the parameters of the Crab pulsar : (a) total emitted power ; (b) the percentage of linear
polarization.
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is needed. For simplicity, we break up the spatial distribu-
tion of the particles into two components : longitudinal
(across the rotation phase) and latitudinal (along the same
rotational phase). For a Ðxed observer, the longitudinal dis-
tribution represents contributions from neighboring Ðeld
lines across the azimuth, and the latitudinal distribution
represents contributions from the neighboring Ðeld lines at
the same azimuth plus those from di†erent segments of the
same Ðeld line. The pulse proÐle and polarization pattern
are calculated by convolving the pencil beam with the
source distribution.
In this work, we assume the particlesÏ latitudinal distribu-
tion to be a constant. The longitudinal distribution has not
been explicitly treated in the outer gap model. While it is
possible to simply take a d-function as the longitudinal dis-
tribution, the study of polarization involves a detailed bal-
ancing and cancellation of the power ; a simplistic
assumption of d-function distribution can lead to an artifact
nonrepresentative of the actual polarization behavior. To
avoid this pitfall and to mimic the observed intensity
proÐle, we introduce an ad hoc longitudinal distribution :
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where is the magnetic colongitude, i.e., the azimuthal/
Bangle around the magnetic axis, and p is a new parameter.
Note that the is related to the colatitudinal and azi-/
Bmuthal agles h and / of the local magnetic Ðeld with respect
to the spin axis as (Fig. 5)
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In reality, the p depends on the inclination angle a as well
as the viewing angle f. We assume p \ 0.1 radian to
approximately match the base of the pulse width in this
paper. The observed radiation is derived from the convolu-
tion of the pencil beam with the source spatial distribution,
FIG. 5.ÈSchematic Ðgure for deÐning The k marks the direction of/
B
.
the dipole axis. The spin axis marked as ) is in the plane of (x, k).
projected into the plane of the sky. Furthermore, we have
integrated only the upper half of the emission cone of the
pencil beam that points away from the sweep in the latitudi-
nal direction, in order to mimic the e†ect of synchrotron
self-absorption in the optical band, as evidenced by the
pulsed radiation spectrum.
2.4. Results
By convolving the pencil beam with the source distribu-
tion function F, we obtain the theoretical pulse proÐle and
its polarization properties as a function of the rotation
phase angle. shows the calculated pulse proÐle andFigure 6
its polarization properties for a \ 20¡ and f\ 40¡. The cal-
culated polarization properties mimic the observations
shown in the percentage of polarization has a dipFigure 1 :
in the center of the pulse, and the polarization angle swings
FIG. 6.ÈThe pulse and its polarization properties at 1 eV calculated
from the outer gap model : (a) light curve ; (b) position angle of polariza-
tion ; and (c) the degree of linear polarization.
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a large range. We have explored the optical polarization
properties in the phase space of both the viewing angle f
and the inclination angle a. We found that the characteristic
behaviors of the polarization are insensitive to either
parameters. The calculated pulse width is sensitive to the
inclination angle a, as expected. In the calculation presented
in this work, we also expect left-right symmetry.
The pulsed X-rays are produced by the same mechanism
from the same population of electrons : coasting electrons
emitting synchrotron radiation. It is straightforward to
examine the expected polarizations of the pulsed X-rays
from the Crab pulsar. Using the same parameters as those
for the expected polarization behavior for theFigure 6,
Crab pulsar at 1 keV is shown in The currentFigure 7.
model predicts a smaller swing in the polarization angle in
the X-rays, compared with that in the optical range. This is
FIG. 7.ÈThe expected X-ray pulse polarization properties (around 1
keV) from the outer gap model : (a) light curve ; (b) position angle of polar-
ization ; and (c) the degree of linear polarization.
simply the result of a radiation pattern. X-ray photons are
generated by electrons with higher energy. Thus, we expect
that the pencil beam from the local Ðeld line is tightly
beamed. When convolving with the spatial distribution,
especially the longitudinal distribution, the tighter beam
will have a stronger cancellation between the two states of
polarization, thus giving a less pronounced polarization.
3. DISCUSSIONS
3.1. Geometric Parameters and ModelRC
With the discovery of c-rayÈpulsed emissions from more
young pulsars, it becomes increasingly clear that the
geometry of the neutron star is crucial for understanding
c-ray emission from these objects. And the observation
geometry strongly inÑuences what is observed. For the
Crab pulsar, di†erent studies have given di†erent values of
the inclination angle. A large inclination close to 90¡ is
generally inferred from the width of the radio pulse &(Lyne
Manchester However, recent Hubble1988 ; Rankin 1990).
Space T elescope and ROSAT observations of the inner
nebula put a ¹ 60¡ et al. The similarity in the(Hester 1995).
double-peak separation observed in the Crab, Vela, and
PSR 1951]32 et al. suggests similar(Ramanamurthy 1995)
inclination angles, D60¡.
Radio emission from many young pulsars may originate
from the region close to the stellar surface. Then the radio
photons may have to propagate through regions loaded
with dense plasma, where the plasma frequency could be
comparable to the emitted radio frequency. Therefore, the
polarization of these photons could be signiÐcantly modi-
Ðed & Arons Therefore, the model may(Barnard 1982). RC
not be applicable to these radio emissions the so-called
““ core ÏÏ components However, it appears(Rankin 1990).
that radio emissions of the known high-energy c-ray
pulsars, with the possible exception of PSR 1055[52, are
core emissions. The geometric parameters deduced from the
model for most of these emissions may not be veryRC
reliable. The observed radio pulse width is used by many to
deduce the inclination angle. However, it is not warranted
that the radio emission have the full width corresponding to
the polar cap size. Therefore, this method may only give the
maximum inclination angles for most of the pulsars instead
of accurate values.
3.2. Pulse W idth and Symmetry
It is clear that the outer gap model is capable of repro-
ducing the qualitative behavior of the observed polarization
properties of the Crab pulsarÏs optical pulses. Furthermore,
the qualitative polarization behavior shown in is aFigure 6
generic product of the synchrotron radiation by eB pairs
with modest Lorentz factors and is similar to a fairly large
range of the pulsar parameters. However, the pulse proÐle
we adopted in the calculation is di†erent from the observed
one : the observed one is sharp, cusplike, while ours is round
and symmetric.
& Yadigaroglu propose to explain theRomani (1995)
skewed pulse as the result of relativistic aberration and
retarded potential e†ects. In their model, all beams are
going outward from the neutron star. In contrast, the orig-
inal outer gap model assumes that pulsed(CHRa; CHRb)
emission comes from two diametrically opposing regions.
The observed double pulses come from an outgoing popu-
lation of electrons on one side and incoming electrons on
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the other. In this picture, we expect that the skewness in the
pulse proÐle will be in the opposite sense for the two pulses.
This is what we observed in the pulse proÐle for optical
emission from the Crab pulsar.
How to produce a sharp pulse has been considered a
generic problem of the outer gap model. We do not have a
satisfying answer yet. However, both relativistic aberration
and retarded potential & Yadigaroglu may(Romani 1995)
help to resolve this issue, but neither of them have been
included in our calculations. Both e†ects are strongest near
the light cylinder, where the corotating velocity is near the
speed of the light and the magnetic Ðeld strength is weakest
in the corotating magnetosphere. Both e†ects are likely to
cause the pulse proÐle to become very asymmetrical. If that
is the case, then the intrinsic pulse width may not be the one
inferred from the FWHM of the pulse. In other words, the
observed cusplike narrow pulse width may not indicate that
the open angle, extended by the particles in the emission
frame, is small. Only when both aberration and retarded
potential are being taken into account, can one surely
deduce the initial emission geometry. The model of Romani
& Yadigaroglu has included both e†ects. Indeed,(1995)
they were able to produce cusplike pulse proÐles in many
cases.
3.3. Pulse Polarization of Other Y oung Pulsars
The predicted X-ray pulse polarization of Crab pulsar
can be used to further test the validity of the outer gap
model. In a similar way, the pulse polarization of other
pulsars can be used to put constraints on the theoretical
models. However, optical emission from other known c-ray
pulsars are generally very weak if not zero. On the other
hand, all of the c-ray pulsars are known to be modest X-ray
emitters. Among the known c-ray pulsars (Crab, Vela, PSR
1706[44 et al. PSR 1951]32, Geminga[Thompson 1994],
& Holt and PSR 1055[52 et al.[Halpern 1992], [Fierro
the X-ray spectrum for some of them may also be1993]),
the synchrotron radiation in the outer magnetosphere. The
most hopeful candidate, PSR 1509[58, has a single power-
law continuum spectrum extended from the soft X-ray to a
few MeV c-rays with an intense luminosity (D1036 ergs s~1)
and with spectral index about 1.7. Synchrotron radiation in
the outer magnetosphere is the most promising mechanism
for producing this kind of spectrum considering the total
spin-down power of this pulsar, 2 ] 1037 ergs s~1 (Chen,
Chang, & Ho We therefore expect that the polariza-1996).
tion properties of the X-ray pulses of PSR 1509[58 are
similar to what we have calculated for the Crab pulsar as
shown in The broad pulse proÐle, intense X-rayFigure 7.
Ñux, and relatively long periodicity (150 ms as compared
with 33 ms of the Crab) make this an object that promises
to reveal its pulse polarization in X-rays in the future.
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